Formation of particle deposition layers on rough wall surfaces was studied as a simultaneous phenomenon of particle deposition and reentrainment. The test powders used were alumina of micron sizes and the experiments were conducted under turbulent aerosol flows. After particle deposition and reentrainment reached an equilibrium state, deposition layer of a striped pattern was formed. The striped pattern was characterized by the interval and the thickness, which decreased with increasing the roughness of wall surface. Further, the striped deposition layers moved slowly downstream, and the velocity of the moving deposition layers decreased with increasing the surface roughness. A moment balance model was used to explain the effect of the surface roughness on the velocity of the moving deposition layers.
INTRODUCTION
In the handling of an aerosol flow, suspended particles are transported toward a wall surface of the equipment or pipes as a result of diffusion, particle inertia, and external forces. The primary particles adhering to the wall surface are difficult to reentrain since the drag force acting on the particle is usually quite weak. Therefore, aerosol particles accumulate on the wall surface and form a particle deposition layer. The drag force acting on the layer increases with the amount of deposited particles and small aggregates will be reentrained readily from the layer (Ikumi et al., 1986) . Further, the aerosol particles colliding with the layer enhances the particle reentrainment.
Both particle deposition and reentrainment are fundamental phenomena relating to almost all aerosol operations such as particle generation, powder dispersion, particle size classification, dust collection, and many others. The studies on particle deposition (Papavergos and Hedley, 1984) and reentrainment (Ziskind et al., 1995; Masuda and Matsusaka, 1997 ) have been carried out from different standpoints. However, these phenomena usually occur simultaneously. Several attempts to combine reentrainment and deposition were made (Cleaver and Yates, 1976; Reeks and Hall, 1988 ), but they did not take account of a real state that aggregates were reentrained from a particle deposition layer.
We have studied the deposition layers formed in a glass tube as a simultaneous phenomenon of particle deposition and reentrainment, showing the following features (Matsusaka et al., 1993; Adhiwidjaja et al., 1996; 1997) . Small agglomerates formed on the wall surface, grow and combine neighboring agglomerates, and finally change into striped deposition layers. In this process, it is worth noting that the deposition layers do not grow at the same place but move slowly downstream at a certain constant velocity. The velocity of the moving deposition layer is proportional to the flux of particles colliding with the deposition layer, and the physical significance of the relation was clarified (Adhiwidjaja et al., 1996; 1997) . Further, the effects of air velocity and particle diameter on the thickness and the interval of the striped deposition layers were studied experimentally (Matsusaka et al., 1998 ).
All the above experiments were carried out on smooth surface walls, but in industrial aerosol processes, the surface is not always smooth. In the present paper, we give attention to the striped deposition layers formed on rough surfaces, and discuss the effect of the surface roughness on the movement of the striped deposition layers using a moment balance model for an aggregate on rough surfaces. Figure 1 shows the mechanism of the movement of striped deposition layer. The powder layer is formed by the deposition of primary particles onto a wall surface. The particle collision and the drag force make to reentrain small aggregates on the front part of the deposition layer, while particle deposition on the back part forms a new deposition layer. As a result, the particle deposition layer moves downstream; there is no slip of the deposition layer on the wall surface. Namely, the particle collision and the deposition directly control the movement of the deposition layer. To simplify the comprehensive phenomenon, we suppose that the collision flux is equal to the particle deposition flux since these fluxes have the same physical meaning that particles move to the wall surface (Adhiwidjaja et al., 1996) . Particle deposition flux Jd is defined by
MECHANISM OF DEPOSITION LAYER MOVEMENT
where c is the aerosol concentration and vd is the particle deposition velocity, which is given by
where vd + is the dimensionless particle deposition velocity and u* is the friction velocity. Here, vd + is determined by the following experimental equation (Papavergos and Hedley, 1984) :
The dimensionless particle relaxation time p + is given by
where p is the particle density, Dp is the particle diameter, Cm is the Cunningham's slip correction factor, f is the air density, and fis the kinematic viscosity. The near-wall flow is especially important for particle deposition and reentrainment. The friction velocity u* characterizing the wall shear flow can be calculated using the following empirical equation (Re = 3  10 3 -10 5 ):
where De is the hydraulic diameter of a channel and _ u is the average air velocity.
From Eqs. 1-5, particle deposition flux Jd is rewritten as follows:
When the particle reentrainment relating to the movement of the deposition layer is caused by the particle collision (see Fig. 1 ), the velocity of the moving deposition layer will be proportional to the particle collision flux. By treating the collision flux approximately equal to the particle deposition flux, the following simple equation is derived.
This relation was verified experimentally (Adhiwidjaja et al., 1996; 1997) and found to be adequate. Thus, the movement of striped deposition layer can be characterized by a constant k3 in Eq. 7. The test section consists of a horizontal rectangular channel (10 mm wide, 3 mm high, and 400 mm long) made of brass with a glass window on the top. A removable test piece 10 mm wide and 100 mm long was installed behind a 300 mm fore-flow region at the same level as that of the inner wall surface of the channel, and metal parts were grounded to prevent electric charge caused by particle-wall contact electrification from accumulating in the experimental apparatus. The test pieces were made of four different kinds of metal and the surfaces were mechanically treated to vary the surface roughness. The values of the center line average roughness Ra measured by a surface profile micrometer (Keyence VF-7500) are listed in Table 2 . The particle deposition layers formed on the test pieces were observed through a video microscope (Olympus OVM 1000 N) with a zoom lens in the range of 15-120 and the video pictures were analyzed by a computer. The observation area was 5 mm wide and 50 mm long at the center of the test pieces.
EXPERIMENTAL APPARATUS AND PROCEDURE
The powders were dried at 110 C for 12 h and cooled down at room temperature in a desiccator before the experiments. The relative humidity of the airflow was kept at 10% by a dryer. Figure 3 shows a typical series of the formation of striped deposition layers on a smooth surface in a rectangular channel. In these photographs, the deposited particles look white and the flow direction of aerosol particles is from left to right. At the beginning of the experiment, spotted agglomerates were formed and they grew oblique-backwards after 25 s. The striped deposition layers were partly formed after 60 s. The remained small agglomerates gradually disappeared with time elapsed and after 180 s the striped deposition layers were completely formed. Although the state of the deposition layers depends on the conditions of aerosol flow such as particle diameter, air velocity, and aerosol concentration, there were no effects of test piece-materials as long as they were made of conductive metal. Also, preliminary experiments confirmed that the striped pattern was commonly formed irrespective of the shape of the channel (circular or rectangular) and the direction of the channel (horizontal or vertical).
EXPERIMENTAL RESULTS AND DISCUSSION

Observation of striped deposition layers
Time-course of deposited particle amount 
where Jd is the deposition flux and Jr is the reentrainment flux. On the assumption that the difference between the real and the equilibrium mass of deposited particles control the variation rate of the mass, we adopted a simple equilibrium equation (Matsusaka, et al. 1998) ; namely,
where is a time constant. From Eq. 9, the following equation is derived as follows:
The values that calculated using Eq. 10 agree well with the experimental ones, as shown in Fig. 4 .
Effects of roughness of wall surface on the formation of striped deposition layers
Test pieces were ground by emery papers of different grain sizes to vary the surface roughness (the centerline average roughness Ra = 0.12-1.75 m), then the direction of the surface asperities could be arranged freely. Thus, we prepared two types of test pieces, viz., parallel and perpendicular to the flow. Preliminary experiments using the parallel type test pieces show no effects of the roughness on the deposition layer; all the states of the deposition layers are equal to that on a smooth surface. Therefore, we used only the test pieces having roughness perpendicular to the flow in the later experiments. Figure 5 shows the photographs of striped deposition layers formed on different rough surfaces (Ra = 0.12-1.04 m). Although deposition layers were formed on all test pieces, the deposition pattern was different. In particular, the striped deposition pattern was not completed on the rough surfaces with Ra = 1.04 m. Figure 6 shows the effect of the surface roughness on the interval between the striped deposition layers. The median value of interval ds50 decreases owing to the surface roughness Ra, though ds50 increases with average air velocity. Figure 7 shows the effect of the surface roughness on the thickness of the deposition layers. The median value of the thickness p50 also decreases owing to the surface roughness Ra.
From the experimental results in Figs. 6 and 7, the relationship between the interval ds50 and the thickness p50 can be obtained as shown in Fig. 8 . The interval increases with the thickness at a constant average air velocity. This is because a striped deposition layer acts as an obstacle to the next downstream striped deposition layer under inertia regime. The facts that the interval increases with air velocity and/or with particle diameter (dp50 = 2.6 and 4.9 m, Matsusaka et al., 1998) can also support the significance of the particle inertia. Figure 9 shows the velocity of striped deposition layers _ vag. The velocity decreases with increasing surface roughness and becomes quite small or zero over a critical roughness (0.77 < Ra* < 1.04 m for Dp50 = 3.5 m). In addition, experimental study using larger particles showed that the critical roughness increased with the particle diameter (1.04 < Ra* < 1.75 m for Dp50= 5.6 m). These experimental results imply that the geometrical matter of surface asperities controls the probability of the particle reentrainment.
Effect of roughness of wall surface on the velocity of moving deposition layers
Next, we discuss the velocity of moving deposition layers _ vag as a function of the particle deposition flux Jd (refer to the section of the mechanism of deposition layer movement). The values of the flux Jd can be calculated using Eq. 6. Figure 10 shows the relationship between 
Moment balance of separation and adhesion
To analyze the effect of surface roughness on the movement of deposition layer, we apply a moment balance. Since the reentrained particles are not primary particles but small aggregates, we pay attention to a small aggregate on a rough wall surface and neglect the effect of surrounding particles. The situation of the aggregate is shown schematically in Fig. 11 , and the followings are assumed; (i) a spherical small aggregate of diameter Dag contacts with two surface asperities at angle , (ii) the surface roughness is characterized by the asperity radius Ra and the distance between the asperities a (Ziskind et al., 1997) , (iii) shear flow in a viscous sub-layer is uniform irrespective of the aggregate or the surface asperities, and (iv) the reentrainment of the aggregate arises from the collision of an aerosol particle as well as the drag caused by airflow (Adhiwidjaja et al., 1996) . The aerosol particle collides with the aggregate at a point defined by angle  with an incident angle  (Wang, 1990 ).
The hydrodynamic drag moment is approximated by (Kousaka et al., 1980; Matsusaka and Masuda, 1996) 
The moment Mc caused by the particle collision is given by
where Fc is the maximum collision force based on Hertz theory, which is given by (Ghadiri, 1997 )
is the collision velocity,  is the Poisson's ratio, E is the Young's modulus, m is the mass, D
is the diameter, and subscripts 1 and 2 refer to the two colliding bodies (here, aerosol particle and aggregate respectively).
The surface roughness of the test pieces used in the experiments can be characterized by an equation: a = 2.5 Ra, therefore angle  in Eq. 12 is given by
The diameter of the aggregate Dag is estimated about twice as large as that of the primary particle Dp on the basis of the result derived from the experimental data (Adhiwidjaja et al., 1997) . Comparing the two moments Mc and Md in the experimental conditions with the assumption that the two angles  and  are equal to zero and the aerosol collision velocity is equal to the airflow at the same height, it was found that
Mc is significantly larger than Md. Therefore, we consider Mc as a separation moment on the later analysis.
On the other hand, the adhesion moment Ma is given by
where Fa is the adhesive force. Although liquid bridge force, electrostatic force, and van der Waals force act generally on the contact bodies, the liquid bridge force and the electrostatic force can be neglected because of low relative humidity ( 10%) and low particle charge (< 1 mC kg -1 ). The van der Waals force is given by
where
A is a Hamaker constant, which can be estimated A  210 -19 J (Visser, 1972) , z is the separation gap (= 0.4 nm), and subscripts 1 and 2 refer to the two contact bodies: primary particle and surface asperity respectively.
From Eqs. 12 and 15, the moment ratio of the particle collision to adhesion is obtained as
If the moment ratio Mc /Ma is larger than unity, the aggregate will be reentrained and it means that the striped deposition layers move downstream. On the contrary, when the moving striped deposition layers become to stop, Mc /Ma is equal to unity. 
CONCLUSIONS
The formation of particle deposition layers on rough surfaces were studied theoretically and experimentally using the test powders of micron sizes, and the following conclusions were drawn.
(1) The mass of deposition layers increases with time elapsed in the early stages and it becomes constant as the particle deposition and the reentrainment reach an equilibrium state. Then striped deposition layers are formed. The striped pattern is influenced by decrease with increasing surface roughness at a constant average air velocity. In particular, the striped pattern is not completed if the roughness is larger than a critical value.
(2) The striped deposition layers move slowly downstream at a certain constant velocity as a result of simultaneous particle deposition and reentrainment. The velocity of the moving deposition layers is approximately proportional to the particle deposition flux. The proportional constant decreases with increasing surface roughness.
The constant can be characterized by the moment ratio derived by particle collision and adhesion. 
